The anomalous response of the tropical atmosphere to the recently discovered Indian Ocean Dipole has been studied in the present article, using an Atmospheric General Circulation Model (AGCM), and the NCEP/ NCAR Reanalysis. Our AGCM study shows that the response of the atmosphere to the IOD is of dipole-like pattern in the circulation, and is baroclinic. An anomalous circulation in the zonalvertical plane is induced, with the subsidence over colder pole and the upward motion over the warmer pole, modulating the Walker circulation over the equatorial Indian Ocean, as observed. An anomalous circulation in the meridional-vertical plane from the eastern pole of the dipole towards India, and the Bay of Bengal is simulated, which affects the Indian summer monsoon rainfall. The model atmosphere is heated by the anomalous surplus of the latent heat, the net long-wave radiation, and sensible heat fluxes over the warmer pole of the IOD. This results in an excess of net vertically integrated moisture convergence, and excess latent heat release in the atmospheric column above the warm pole. This energy, together with the anomalous convergence of enthalpy, is converted into anomalous mechanical energy and leads to the divergence of mechanical energy flux. This anomalous divergence of the mechanical energy in the upper tropospheric part of the column causes propagation of the disturbances to the surrounding regions. The mean seasonal circulation during the boreal summer is crucial for maintenance of the anomalous energy distribution and propagation during the IOD event. Transient high frequency variability does not appear to contribute much to the energy conversions.
Introduction
The Indian Ocean Dipole (IOD) is a manifestation of the Indian Ocean variability on the interannual timescales (Saji et al. 1999) . It explains about 12% of the total variance of anom-alous Indian Ocean sea surface temperatures (SST). The Indian Ocean Dipole Mode Index (IODMI) is defined as ''the difference in SST anomaly between the tropical western Indian Ocean (50 E-70 E, À10 S-10 N, named as Box A) and the southeastern Indian Ocean (90 E-110 E, 10 S-equator, named as Box B)''. To describe the IOD more clearly, we have plotted a time-longitude diagram of SSTA averaged over (À10 S-10 N) during June-JulyAugust-September (JJAS) (Fig. 1a) using the GISST2.3b dataset (Rayner et al. 1996) . Shown in Fig. 1b are the time evolution of JJAS mean SST anomalies (SSTA) at different locations on a 5
Â 5 mesh in the tropical eastern Indian Ocean region (90 E-110 E, À10 S-10 N) (solid lines), and that outside of that region (40 E-90 E, À10 S-10 N) (dotted lines). The areas described by Boxes A and B are identified, along with some features of the dipole SSTA, in Fig. 1c, 1d , and 1e. It is seen from Fig. 1a that the SST anomalies are oppositely signed in the western and the eastern regions of Indian Ocean during some years. When the negative (positive) SSTA prevails in the eastern Indian Ocean, the positive (negative) SSTA prevails in the western Indian Ocean. This tendency is also seen in Fig. 1b , with an out-of-phase relation between SSTA in the eastern Indian Ocean, and the SSTA in the western Indian Ocean during years such as 1961, 1963, 1972, 1977, 1982, and 1994 . These are the positive dipole (pDM) years. Similarly, the opposite phase relationship between these SSTA is noticeable during the negative dipole years such as 1958, 1959, 1960, 1969, 1970, 1989, and 1992 . Figure 1c displays the composite feature of pDM that is similar to the results obtained by Saji et al. (1999) . The time-series of IODMI, along with the time-series of SSTA averaged over Box A and over Box B, is displayed in Fig.  1e . The time-variations are consistent with the results in Saji et al. 1999 . Figures 1a-1e demonstrate that, the IOD SSTA pattern indeed exists during JJAS season of aforementioned dipole years, and the Boxes A and B reasonably represent the two different poles of the IOD. Study of some recent dipole events suggests that IOD is an air-sea interaction phenomenon (Behera et al. 1999; Webster et al. 1999) . When the IODMI is positive, it may lead to droughts over the Indonesian region, while simultaneously causing heavy rains and floods over East Africa. When the phase of the IOD is reversed, the associated anomalous fluctuations in rainfall also shift to the opposite phase (Saji et al. 1999) . It is observed that the relationship between ENSO and Indian summer monsoon rainfall has been weakened since 1980's (Krishna Kumar et al. 1999; Chang et al. 2001) . This is explained as a result due to some different reasons such as the influence of the climate change in the Atlantic circulation (Chang et al. 2001) , and the westward shifting of ENSO induced subsidence from Indian continent (Krishna Kumar et al. 1999) . However, using both the reanalysis data and an AGCM, Ashok et al. (2001) showed that the IODMI has a positive correlation with rainfall over the Indian region. They suggested that frequent occurrence of the intense IOD events has caused the recently observed fall in correlations between the ENSO and Indian Summer monsoon rainfall, indicating that the IOD could modulate the Indian summer monsoon rainfall. The East Asian summer monsoon may also be influenced by the Indian Ocean dipole (Li and Mu 2001) .
Literature on the atmospheric response to the anomalous thermal forcing from the Indian Ocean (IO) is available (e.g., Kumar and Hoerling 1998) . The importance of the IOD in modulating the rainfall over the regions around the equatorial Indian Ocean has motivated us to study, and understand in detail, the response of the tropical atmosphere to the Indian Ocean Dipole SST anomalies by using an AGCM, along with some of the available observational datasets. However, as the IOD is a recent discovery, no studies that examine the atmospheric diagnostics of the IOD, either based on observations, or based on the AGCM/CGCM, have been reported. In this study, we looked into the atmospheric circulation changes and anomalous energy conversions that arise as a response to the presence of the IOD SST anomalies during boreal summer. The summer season is the period when the Indian Ocean dipole event usually develops into a relatively stronger phase as demonstrated in Fig. 3 of Saji et al. (1999) , capable of influencing the variations in the Asian monsoon circulations (Ashok et al. 2001) . Also, during this season, the Asian summer monsoon is most active and has profound economical and societal impacts on the Asian countries. The Frontier Atmospheric General Circulation Model, version 1.0 (henceforth referred to as FrAM1.0) has been used to carry out some experiments to assess the sensitivity of the simulations to the IOD-like boundary conditions, and to compute some diagnostics.
The paper has been organized as follows: a brief description of the FrAM1.0 is presented in section 2. The climatology of the model (from 1958-1997) has been presented and validated in section 3, followed by a study of the observed and simulated IOD statistics. As mentioned before, some sensitivity experiments have been carried out to study the response of the atmosphere to the IOD SSTA. The experiments and the results have been reported in section 4 along with the formulation in Appendix A for the diagnosis of the IOD energetics, followed by the summary and discussion in section 5.
Description of the model, data, and methodology

Model
The FrAM1.0 has been developed on the basis of another atmospheric spectral GCM (Chiba et al. 1996) . This AGCM comprises of the equations of the vorticity, divergence, specific humidity, the thermodynamic equation, the continuity equation and the hydrostatic equation. FrAM1.0 is a spectral model with 28 layers in vertical, and is horizontally truncated at T42, corresponding to a horizontal resolution of 2.8125 Â 2.8125 . A hybrid vertical coordinate that is a combination of the sigma and isobaric systems has been used in this AGCM (after Laprise and Girard 1990) . The coordinate system changes from pure sigma coordinates at the surface to a pure isobaric system in the stratosphere. This system has the advantage of retaining the topographic shape and simultaneously reducing the finite difference errors of the pressure gradient over steep mountains. The longwave radiation scheme of the FrAM1.0 is based on the multiple-parameter random model of Shibata and Aoki (1989) and Shibata (1989) . In this scheme, the H 2 O, CO 2 , and O 3 are considered as absorbers of longwave radiation. Cloud emissivity is estimated as a function of temperature. The shortwave radiation scheme is based on the theory of Lacis and Hansen (1974) . H 2 O, and O 3 are taken into consideration as absorbers of shortwave radiation. The diurnal and seasonal cycle of shortwave is computed every hour. The penetrative deep convection scheme of Kuo (1974) is used in the present model. The cloud prediction scheme based on an observational study by Saito and Baba (1988) is incorporated. The vertical mixing coefficients are calculated using the formula of Mellor and Yamada (1974) . The turbulence mixing length is derived after Blackadar (1962) . The land surface process model of Viterbo and Beljaars (1995) has been incorporated in FrAM1.0. The gravity wave drag has been parameterized following Palmer et al. (1986) . Further details of the FrAM1.0 model are available in a recently published technical report (Guan et al. 2000) .
Data and methodology
In the present study the model has been integrated for 40 years. The GISST data (Rayner et al. 1996 ) from 1958 till 1997 has been used as the lower boundary forcing for the AGCM. The initial conditions were obtained after spinning up the model for three years, starting from a calm atmosphere and forcing it with seasonally varying climatological SST. SIGRID data, compiled at the Joint Ice Centre (Thompson 1981) , is adopted for sea ice distribution. Ozone density is distributed following Klenk et al. (1983) . Both the sea ice and ozone used in our AGCM have been prescribed to their monthly climatological values. The NCEP/ NCAR reanalyzed data (Kalney et al. 1996) has also been used, as mentioned earlier. We used the CPC Merged Analysis of Precipitation (CMAP, data period: 1979 (CMAP, data period: to 1997 ) to validate the modelsimulated precipitation.
Simulated climatology and IOD statistics
3.1 Simulated mean climatology and the interannual variability The simulated mean Sea Level Pressure (SLP) distribution during the June-JulyAugust-September (JJAS) is presented in Fig. 2a , along with the SLP distribution from the NCEP/ NCAR reanalysis (henceforth described as 'reanalysis'; Fig. 2b ). The model simulates the major stationary waves fairly well. The centers of the atmospheric activity around the globe are simulated realistically, except for minor differences in the strengths and locations of some of the highs/ lows. The simulation of the SLP during December-January-February (DJF) also conforms to the observations (Figs. 2c and 2d respectively). Figures 2e and 2f show the differences of the simulated SLP from that observed, for boreal summer, and boreal winter, respectively. Larger differences are found in Arctic during DJF, and in Antarctic during JJAS. Values of the SLP differences greater than 8 hPa are also seen over highly elevated areas such as the Tibetan Plateau. Deeper Aleutian and Icelandic lows are simulated during boreal winter. Despite of these systematic errors, FrAM1.0 is able to simulate the SLP well in tropics during the summer, with a marginal error of about 4 hPa over some places.
The simulated winds at 850 hPa during JJAS match well with the corresponding observations (Fig. 3) . The simulated winds are marginally stronger over some regions. The location and intensity of the simulated jet streams at 200 hPa (Fig. 3c ) compare well with those from the reanalysis (Fig. 3d) .
The simulated JJAS precipitation over the Indian region (Fig. 4a ) is more than that from the CMAP rainfall in Indian monsoon region (Fig. 4b) . Nevertheless the locations of the maxima over the region are similar to those in the CAMP data. There are some AGCM studies that describe the ability and limitations of the AMIP models in simulating the Indian summer monsoon rainfall (e.g., Sperber and Palmer 1996; Gadgil and Sajani 1998) . According to the classification criteria set up for evaluating the 30 AGCMs used in the AMIP study on the basis of the simulated seasonal variation of the precipitation zone over Asia West Pacific region (Gadgil and Sajani 1998) , the FrAM1.0 can be ranked as Class-I model. The models in Class-I are capable of simulating more realistic the Indian summer monsoon rainfall as compared to the Class II models. Besides a reasonable monsoon rainfall simulation, the simulated rainfall distribution by FrAM1.0 is also reasonable in general all over the globe. To describe the model climatology simulated by the FrAM1.0 in more detail, vertical distributions of the zonal mean wind, geopotential height, temperature, and specific humidity for JJAS, are presented in Fig. 5 . While the left panel shows the simulated fields, the middle panel shows those from reanalysis, and the right panel shows the difference between the simulated and reanalyzed fields. During the summertime, both the westerlies in the extratropics, and the easterlies in the tropics are simulated realistically in general, although the simulated westerly wind is weaker than the reanalyzed wind by À7.5 m s À1 at 28 S. The zonally averaged meridional wind in model atmosphere is also reasonable as compared to that in reanalysis data. It is seen that the model atmosphere is marginally colder, resulting in the geopotential height relatively lower at all isobaric levels as compared to those from the reanalysis data. More shortwave radiation at the bottom of the model atmosphere, as compared to that in the reanalysis, is received in the middle and high latitudes (figure not shown). Marginally excessive upward longwave radiation at the top of the atmosphere is seen in extratropics (figure not shown). These radiation differences are probably due to an excess of moisture over the tropical region, and /or deficit moisture over the mid-and high-latitudes (Fig. 5, bottom panel) . Similar figures for the boreal winter are not shown, as the simulated quantities are also comparable to the results from NCEP/ NCAR reanalysis. To examine the interannual variability as simulated by the FrAM1.0, we have calculated the partial correlation coefficients between the simulated rainfall and the NINO3 index for JJAS ( Fig. 6b ) (Please refer to Appendix B for the definition of partial correlation and the second predictor). The IODMI is considered as the second predictor when we compute the partial correlation. The result is compared with that from the CMAP precipitation data (Fig. 6a) . The magnitudes of the simulated correlations and locations of the centres are comparable to the observed over the eastern Pacific. Using the JJAS mean data, it is found that the CMAPderived rainfall anomalies over NINO3 region, from 1979 through 1997, are well correlated with those from the FrAM1.0 simulation, the correlation coefficient being 0.92. It is seen from Fig. 6 that FrAM1.0 is able to respond to the NINO3 forcing over the tropics realistically. Over the western equatorial Pacific, however, there is considerable discrepancy that is due to model bias. The model bias will be reduced by improving the model physics.
The simulation of the interannual variability of the Indian monsoon is also examined and found to be reasonable. The significant negative partial correlations between the NINO3 index, and Indian summer monsoon rainfall, are found over the Indian continent in both Figs. 6a and 6b. This model, for example, could also qualitatively reproduce the observed contrast in the summer monsoon rainfall over the Indian region during some particular years, such as 1987 and 1988 (Sperber and Palmer 1996; Slingo and Annamalai 2000) (figure not shown).
Observed and simulated IOD statistics
The statistics presented in this sub-section encompass a period of 40 years from 1958-1997, unless specifically mentioned otherwise.
The JJAS mean differences of the composite NCEP wind anomalies between pDM and nDM years are presented in Fig. 7 . The pDM or nDM years are those years listed in the Introduction (Fig. 1 ). An anomalous anticyclonic circulation at 850 hPa over the eastern pole is seen in Fig.  7a , along with an anomalous anticyclonic circulation over the Bay of Bengal. Southeasterly wind anomalies can be seen off the coast of Indonesia, in agreement with Saji et al. (1999) . Anomalous easterlies can be seen moving westward from the tropical eastern Indian Ocean. umn of panels is for simulated variables. The corresponding panels in middle column are from the observations. The right column denotes the difference of the simulated quantities from the observed values (negative contours shaded). Shown (from top down to the bottom) are, the zonal component of the winds (in mÁs À1 ), the meridional component of the winds (in mÁs À1 ), the temperature (degree of Celsius), geopotential height (in gpm, after removing the global mean of the geopotential height at each isobaric surface of the model atmosphere), and the specific humidity (gÁkg À1 ), respectively.
The opposite pattern of zonal winds is observed at the 200 hPa level (Fig. 7b) , indicating a modulation of the Walker circulation up to the tropopause height during the dipole events. It is also seen from these diagrams that an anomalous meridional circulation that spans from the eastern pole of the IOD to India is generated. During the positive (negative) phase of the IOD, the cross-equatorial monsoon circulation in the meridional-vertical plane over the eastern Indian Ocean intensifies (weakens). Unlike the conventional monsoon, the anomalous divergent (convergent) winds originate off the coast of Indonesia, and converge (diverge) over the Bay of Bengal region, causing excess rainfall over the monsoon trough area of the Indian region (Ashok et al. 2001) . The composite features in the simulated winds at 850 hPa and 200 hPa levels ( Fig. 7c, 7d ) agree broadly with those from the reanalysis.
Partial correlation coefficients between the CMAP rainfall and IODMI show a strong negative correlation over the southeastern tropical Indian Ocean, and positive correlation over the western Indian Ocean (Fig. 8a) . The correlations are realistically reproduced with the FrAM1.0 (Fig. 8b) , although the values are smaller or bigger over some regions as compared to Fig. 8a . The significant negative correlation is found over Australia. The positive partial correlation between IODMI and Indian summer monsoon is simulated, although it is not so strong. It is also found in a related study that the IOD significantly influences the decadal correlations between the Indian summer rainfall and the ENSO (Ashok et al. 2001) .
Therefore, the results mentioned above indicate that the IOD influences its surrounding region as well as India, and imply that the IOD 1961 , 1963 , 1972 , 1977 , 1982 , and 1994 . Those for nDM composite are 1958 , 1959 , 1960 , 1969 , 1970 , 1989 , and 1992 . Units are in mÁs À1 . Wind vectors above 90% level of confidence are showed with bold arrows.
could also influence the climate of Australian region on the interannual scale.
It is noticed that there are some bias seen in the partial correlation over warm pool region in the western Pacific in Fig. 8b as compared to Fig. 8a . As mentioned earlier, this discrepancy is caused by the model bias. As seen in Fig. 4 , the simulated JJAS mean precipitation in the tropical western Pacific is very weak as compared to that from the CMAP precipitation data. By improving the model physics, this bias will be hopefully rectified.
Response of the atmosphere to IOD SSTA
To understand the atmospheric response to the IOD, three sensitivity experiments are performed, each comprising of six member ensembles with different initial conditions. Each experiment has been conducted by integrating the model for 9 calendar months, namely from 1 January to 30 September. The results presented for each experiment are the average of the results from its member ensembles.
The control experiment has the seasonally varying climatological SST as the lower boundary condition. Positive IOD type anomalies have been imposed on the lower boundary SST in the second experiment (designated as pDMpositive dipole mode experiment). The imposed anomalies are obtained by regressing the monthly mean SSTA onto the IODMI (Fig. 9a) . The regressed pattern is considered as the canonical IOD SSTA pattern and is similar to the canonical composites of the positive IOD SSTA (cf., Fig. 2 of Saji et al. 1999 ). This pattern is characterized by the positive SST anomalies over the western Indian Ocean, along with the negative SSTA over the southeastern Indian Ocean. This SSTA will force the tropical atmospheric circulation to change remarkably since the sea surface temperature gradients are cru- cial in forcing the low-level winds along with its convergence in the tropical troposphere (Lindzen and Nigam 1987) . Note that the sea surface temperature anomalies shown in Fig. 9 are stronger than those in Fig. 1a . This is reasonable because the SSTA in Fig. 1c are obtained from the composite mean. In fact, the SSTA in 1994 summer (not shown) are relatively stronger than the SSTA as shown in Fig. 1c , and even stronger than the SSTA shown in Fig. 9 . Though the spatial pattern of the SSTA does not change much with time (see Fig. 2 of Saji et al. 1999) , the amplitude of the SSTA changes a lot. In this study, the time evolution of the idealized IOD (Fig. 9b ) is similar to that observed (cf., Fig. 3 of Saji et al. 1999) . The spatial pattern of the SSTA does not change with time, in agreement with Saji et al. (1999) .
In the final experiment, the SST have been perturbed by the negative IOD pattern which is obtained by changing the sign of the imposed anomalies in the pDM experiment in the dipole region though, in reality, the negative IOD events are relatively weaker than the positive IOD events. This idealized experiment is referred to as the nDM (negative dipole experiment).
Circulation change
The distribution of the rainfall anomalies in the pDM experiment (pDM-cntrl) shows excess rainfall over the western equatorial Indian Ocean, and deficit over the Eastern Indian Ocean, as observed (Fig. 10a) . The observed easterly anomalies over the west part of the Indonesia and Sumatra have been also simulated well. A pair of anticyclonic circulations is seen on both sides of the equator over the eastern Indian Ocean at 850 hPa. A similar pattern is also found in the composite wind field in Fig. 7 . This can be explained partly by GillMatsuno theory as a response of the atmosphere to the equatorial thermal forcing (Matsuno 1966; Gill 1980) . At 200 hPa, the westerly anomalies prevail over the tropical Indian Ocean (Fig. 10b) . Positive rainfall anomalies are simulated over India. The OLR distribution is in conformation with the rainfall distribution (Fig. 10b) . From this figure it is clear that Indian summer monsoon intensifies, because of the presence of a positive IOD in the Indian Ocean, as discovered in our recent study (Ashok et al. 2001) .
However, we have noticed that an equatorial westerly anomaly prevails over the warm pole at 850 hPa (Fig. 7c) , which is not visible in the observed counterpart (Fig. 7a) . This is apparently due to model bias. However in the sensitivity experiments conducted by superimposing positive IOD SSTA upon the climatological SST, the anomalous westerly over the warm pole can be physically explained. The SSTA in the western Indian Ocean is warmer than that in the southeastern Indian Ocean. The stronger convergence is hence generated in the western equatorial region, causing the prevalence of the anomalous wind flow directly blowing eastward from the coast of Africa into the western pole of the IOD (Fig. 10a) .
The model atmosphere responds realistically to the negative dipole forcing (nDM-Ctrl) by simulating the anomalous westerlies at the 850 hPa level over the tropical Indian Ocean (Fig. 10c and Fig. 7a ). The observed positive rainfall anomalies off the Sumatra / Indonesia, negative rainfall anomalies to the east of the equatorial Africa, and the negative rainfall anomalies over the Indian region during the negative IOD events, are well simulated. Anomalous easterlies are simulated in the tropical East Indian Ocean at the 200 hPa level (Fig. 10d) .
From this discussion it is clear that a positive (negative) IOD anomalously weakens (intensifies) the walker circulation over the Indian Ocean. This can be seen more clearly from figures of the JJAS velocity potential differences (pDM-nDM; Fig. 11a and 11b) . The distribution of the velocity potential difference between pDM and nDM experiments in general has a wave number 1 pattern in zonal direction. Anomalous convergence centres can be seen from this figure over the Western Tropical Indian Ocean and the Bay of Bengal at 850 hPa level.
The convergence or divergence in the lower and /or upper troposphere induces a change in the vorticity and thus causes anomalous generation and propagation of the disturbances. The distribution of the corresponding simulated differences in the stream function and rotational winds at 850 hPa in the southern hemisphere show a strong anticyclonic anomaly center to the west of the Indonesian archipelago, flanked to the west by the cyclonic circulation anomaly over tropical Africa (Fig. 11c and  11d ). This anomalous anticyclonic circulation can only be explained ''partly'' by the so-called Gill-Matsuno pattern (Matsuno 1966; Gill 1980) as a response to the thermal forcing in the equatorial region. This is because the typical Gill pattern is generated as a result of the linear response of the model atmosphere, whose basic state is assumed to be at rest, to the heating source that is symmetric or antisymmetric about the equator. The Gill pattern is characterized by the cyclonic or anticyclonic circulations that are located just over and to the west of the heating source. In our experiments, however, the atmospheric model is nonlinear. Presence of the IOD with two distinct and different type of SSTA compounds the heating distribution along with a warmer Indian subcontinent. The IOD SSTA with its two poles in the southeastern equatorial Indian Ocean and the western Indian Ocean is not simply symmetric or antisymmetric about the equator. The atmosphere responds to the anomalous IOD SSTA in a background of the summer conditions during the JJAS. As a result, a pair of anomalous cyclonic circulations that are almost symmetric about the equator at 850 hPa is seen in the western Indian Ocean in the pDM experiment ( Fig. 10 and 11 ), which can be explained by the Gill pattern. However, one pair of the anomalous anticyclonic circulations does not confined just over the eastern pole, but also appears to extend eastward into the Australia continent in the Southern Hemisphere and into the tropical western Pacific in the Northern Hemisphere (Fig. 11c) . This is different from the typical Gill Pattern (Gill 1980) . Therefore, the anomalous anticyclones induced by the IOD SSTA in the pDM experiment can be only partly explained by the Gill pattern.
In the vicinity of the IOD region, it can be inferred that in the pDM experiment the western limb of the monsoon trough is intensified (over the Indian region) whereas the eastern part of it over the East Asian region is anomalously weakened ( Fig. 10 and 11) .
The intensification of the monsoon trough over India and the related surplus rainfall over India, and the Bay of Bengal, are due to the IOD induced anomalous changes in the local meridional circulation from the equatorial Indian Ocean to India and the Bay of Bengal. It is clearly seen from Fig. 10 and Fig. 11 that over the eastern tropical Indian Ocean, the positive IOD event intensifies the cross-equatorial meridional circulation baroclinically up to 200 hPa, and presumably above. In the pDM experiment, the thermal contrast between the Bay of Bengal and the eastern equatorial Indian Ocean is larger than normal because of the existence of the IOD SSTA. This thermal contrast leads to an anomalous airflow in the lower troposphere that passes across the equa- tor from the southeastern Indian Ocean northwestward towards the India peninsula. This anomalous airflow originates from the seasonal background easterly wind south of the equator during summertime. It then turns northeastward at approximately (80 E, 10 N) due to the Coriolis force and strengthens the background monsoonal westerly wind around the Bay of Bengal in the lower troposphere (Fig. 7a  and c, and Fig. 10a ). The westerly wind is thus strengthened, leading to the intensification of both the meridional shear in the westerly and the positive relative vorticity to the north of the westerly maximum at 850 hPa over India, and the Bay of Bengal (i.e., the cyclonic circulation over India and the Bay of Bengal as seen in Fig. 10a and Fig. 11c ). This anomalous positive vorticity induces the anomalous convergence in the monsoon trough region, consequently causing the convective activities more active there. In the nDM experiment, the sense is opposite. Therefore, the positive (negative) IOD events tend to intensify (weaken) the upward motion over India and the Bay of Bengal during JJAS, facilitating surplus (deficit) precipitation over India and the Bay of Bengal.
The IOD induces the divergence in the upper troposphere and convergence in the lower troposphere in the Indian monsoon region. The divergent flow in the Indian monsoon region can induce the Rossby wave pattern in the extratropics. Rodwell and Hoskins (1996) , proposing a monsoon-desert mechanism, showed that a Rossby wave pattern can be generated to the west of the Tibetan Plateau as a result of the atmospheric response to the remote thermal forcing in the Asian summer monsoon region. Sardeshmukh and Hoskins (1988) demonstrated that the teleconnection patterns at 150 hPa in the extratropics of the Northern Hemisphere during summertime could be induced by the tropical divergent flow. Thus, the IOD-induced disturbances in the Asian monsoon region, and the tropical western Pacific as seen in Fig. 11c and 11d , may influence the summer circulation changes in the East Asian region via the teleconnection mechanisms similar to those discussed in Rodwell and Hoskins (1996) , and Sardeshmukh and Hoskins (1988) , and the Pacific-Japan pattern (Nitta 1987) . This may well be the reason for the occurrence of hot and dry summer climate over East Asia, which co-occurred with the positive IOD in 1994. The IOD can also modulate the winter circulation over Australia during JJAS as shown in the pDM experiment.
The IOD induced anomalous circulation patterns as displayed in Fig. 10 and 11 are in opposite sense at 200 hPa as compared to those at 200 hPa, suggesting that the IOD manifestations in the atmosphere are baroclinic. This agrees well with the earlier studies (e.g., Webster 1981), in which the remote response of the atmosphere to the SSTA in the tropics is investigated using a linear atmospheric model. It was found that the anomalous circulation is highly baroclinic on the equatorial side, but barotropic on the polar side of the westerly maximum.
The water vapor transport plays a very important role in the tropical atmospheric response to thermal forcings. There is a lot of literature on diagnosing the water vapor transport and its budget for different purposes (e.g., Reed and Recker 1971; Yanai et al. 1973; Luo and Yanai 1984; Hurrel 1995; Yanai and Tomita 1998) . The water vapor budget is also diagnosed for the IOD induced circulation changes in the present paper. The vertically integrated equation for conservation of water vapor can be expressed as
Here g, q, p and V are the acceleration due to gravity, specific humidity, pressure and horizontal wind vector, respectively. The variables p s and p T (¼100 hPa) are the surface air pressure and the pressure at the top of the troposphere, respectively. The h represents the local change rate of specific humidity. The liquid water in the atmosphere is not considered. When the above water vapor equation is averaged over JJAS (122 days), h is lessened and can be neglected in comparison with the order of the other terms. Thus, the water vapor convergence is balanced by the difference of the total evaporation E v from the precipitation P r . Figure 12 shows the JJAS mean velocity potential anomaly of the total moisture transports, denoted as w q . This is derived from the equation
qV dp, while it is assumed that Ð p s p T qV dp ¼ 'w q þ k Â 'c q . The stronger convergence simulated over both the western Indian Ocean, and the Bay of Bengal in Fig. 12 is consistent with the anomalous excess rainfall over these regions as seen in both the Fig. 8 and Fig. 10 . It is also seen that in the pDM experiment, as compared to the nDM and the Cntrl experiments, the moisture is anomalously transported from the Eastern Pole of the IOD towards the Western pole, and also across the equator over to India (pDM-cntrl distribution not shown). The sign of the anomalies reverses in the negative IOD event, as compared to the positive IOD event. Therefore, the whole distribution of the anomalous tropical circulation indicates that there is modulation of the tropical activity during the IOD events, which is reflected in atmospheric circulation in both hemispheres. The phase of the activity is reversed over IOD region from positive to negative IOD cases.
Diagnostics of the energetics
The atmospheric general circulation over the IOD region is influenced by the forcing from the IOD SST anomalies, as discussed in the previous sub-section. In order to understand the mechanism of IOD influencing the atmospheric circulation change, it is helpful to carry out some diagnostic study of the energetics, using the model outputs.
The vertical transport of both the sensible and latent heat by cumulus convection and turbulence is referred to as the direct convective heating (Tian et al. 2001) . The indirect convective heating is the cloud radiative forcing induced by the deep convective clouds. The simulated anomalous heat fluxes at the surface are presented in Fig. 13 , showing a dipole-like structure over the dipole region. It is seen that the positive sensible heat flux prevails over the western part of the Indian Ocean (IO); its sign over the Eastern IO is negative (Fig. 13a) . The distribution of the latent heat flux shows a similar pattern but with a much larger magnitude (Fig. 13b) . This suggests that, of the surface fluxes, the latent heat flux contribute relatively more to the atmospheric response to the IOD (Fig. 13e) .
Another heating source arises from the cloudradiation interaction, which is recognized as one of the most important factors influencing the climate system (e.g., Webster 1994; Tian and Ramanathan 2002) . This cloud radiative forcing has also been estimated in this AGCM study. The anomalous net shortwave and longwave radiation absorbed by the air column of model atmosphere are presented in Fig. 13c and 13d. The net shortwave flux is obtained as the difference between the net upward shortwave radiative flux at the bottom of the atmosphere, and that at the top of the atmosphere. The net longwave radiative flux is obtained in the same way. A negative (positive) value of the anomalous net shortwave radiation flux is simulated over the eastern (western) pole of IOD, which means that the cloud amount over the eastern pole is less than that over the western pole of the IOD (Fig. 13c and 13f ) . The anomalous flux of net longwave radiation, with a dipole-like pattern, is seen from Fig. 13d and  13f . Over the warmer (colder) pole of the IOD, there is positive (negative) anomalous upward longwave radiative flux from the ocean surface into the atmosphere. The sign of the outgoing longwave radiation anomalies at the top of the model atmosphere is opposite ( Fig. 10b and  10d ). The magnitude of the net longwave radiation absorbed by the model atmosphere is less than that of the latent heat flux but bigger than that of either the sensible heat flux, or the net shortwave radiative flux (Fig. 13e) . Thus, the upward long wave radiation, and hence the cloud radiative forcing is also very important in the atmospheric response to the IOD SSTA.
The cloud-radiative forcing in association with the net longwave radiation has a positive feedback on the atmospheric response to the IOD SSTA. During an IOD event, over the Fig. 13 . JJAS mean differences of the heat fluxes between pDM and nDM experiments. Fig. 13(a) is for the surface sensible heat flux (SHF), (b) for the surface latent heat flux (LHF), (c) for the net short wave radiation flux (USWB-DSWB þ DSWT-USWT) absorbed by the air column of the model atmosphere, where USWB (USWT) represents the upward shortwave radiation flux at the bottom (top) of the atmosphere. Similarly, DSWB (DSWT) are for the downward shortwave radiation flux at the bottom (top) of the atmosphere. Fig. 13(d) is for the net long wave radiation flux (ULWB-DLWB-ULWT), where ULWB (ULWT) represents the upward longwave radiation flux at the bottom (top) of the atmosphere. DLWB (DLWT) means the downward longwave radiation flux at the bottom (top) of the atmosphere. Fig. 13e is for SHF and LHF averaged over the latitudinal belt (À15 S-EQ), (f ) for different radiation fluxes averaged over the latitudinal belt (À15 S-EQ), including the USWB, the DWSB, the ULWB, and the DLWB. Units are in WÁm À2 . The shaded areas are for the values above 90% level of confidence.
warmer pole in the tropical Indian Ocean, anomalously surplus sensible heat and the upward longwave radiation are transported upward into the atmosphere (Fig. 13e-f ). More latent heat is also transported into the troposphere, increasing the moisture in the air column. The abundance of moisture in the air makes the atmosphere absorb more longwave radiation and hence anomalously heat the atmosphere, leading to strengthening the convective activities. The enhanced convective activities result in more latent heat release. The heating due to more water vapor condensation and the absorption of more longwave radiation cause the atmosphere to respond to the anomalous heating with stronger convergence of energy in the lower troposphere and stronger divergence of energy in the upper troposphere. The outgoing longwave radiation at the top of the atmosphere is considerably reduced due to more clouds while more solar radiation at the top of the atmosphere is reflected. Although the shortwave radiation flux at sea surface is reduced, the heating due to more latent heat release and the absorption of more longwave radiation due to the given warmer SSTA in the warmer pole of the IOD persistently forces the atmosphere to response. This process as a cycle persistently perturbs the tropical atmosphere. The scenario over the colder pole is opposite. So the interaction between longwave radiation and cloud positively feeds back to the response of the atmosphere to the SSTA in the dipole region.
Therefore, besides the anomalous latent heat release due to the anomalous precipitation, the model atmosphere over the warmer (colder) pole of the IOD is directly heated (cooled) by both anomalous fluxes of the sensible heat from the ocean surface underneath and the anomalous cloud radiative forcing.
In order to investigate the energetics in more detail, we employ the vertically integrated equations for the latent heat, enthalpy, and the kinetic energy as described in Appendix A. The velocity potential w e and w m , or the stream function c e and c m can be decomposed from a vector field, which are interpreted by Eqs. (A8)-(A9). Both the anomalous w e and w m , which are for enthalpy and mechanical energy fluxes respectively, tend to show some largescale features of energy conversion and its transport. Figure 14 shows these two quantities w e and w m , as well as the energy conversion rate. The heat content (enthalpy) is anomalously transported eastward from the Atlantic Ocean, and westward from the east pole of the IOD to the west pole and also towards the Bay of Bengal (Fig. 14a) . This pattern looks in general similar to the pattern of moisture transport (see Fig. 12 ). It is very interesting to note from Fig. 14b that the directions in which the mechanical energy is anomalously transported are opposite to those of the transports of the heat content shown in Fig. 14a .
From the Fig. 14b , we further find that the main centers of the mechanical energy divergence are just over the western IO and the Bay of Bengal, and the main convergence center is over the eastern part of the IO. The anomalous propagation of the mechanical energy affects both the Africa, and the Atlantic regions. It is also very interesting to note that the pattern of the anomalous transport of enthalpy looks similar to the pattern of the anomalous velocity potential field at 850 hPa ( Fig. 14a and Fig.  11a ). But the pattern of the anomalous transport of mechanical energy looks like the pattern of velocity potential distribution at the 200 hPa level (Fig. 14b and Fig. 11b ). This is due to the fact that the anomalous transport of the heat content is dominated by the anomalous convergence (divergence) of enthalpy fields in lower troposphere. But the anomalous transport of the mechanical energy is dominated by the anomalous divergence (convergence) of the mechanical energy in the upper troposphere (Fig. 15) .
The JJAS mean rates of the changes of both the kinetic energy, and the heat content (enthalpy), averaged over 122 days, are too small to balance the convergence (divergence) terms, based on the scale analyses of the equations (A2) and (A3). Hence, these equations reduce to a balance between the energy transport in horizontal and the energy conversion term. Figure  14c shows the distribution of the difference of the energy conversion rate between the simulated positive IOD event, and the negative IOD event (pDM-nDM). Over the eastern pole, there is conversion of mechanical energy anomalies to enthalpy anomalies. The conversion from the enthalpy to the mechanical energy exists over the western pole where the enthalpy conver-gence occurs; at the same time, the divergence of mechanical energy prevails over that area.
The anomalous dipole-like patterns of the sensible and latent heat induce the anomalous energy conversion and the energy transport, as discussed in the above few paragraphs. The anomalous convergence (divergence) of enthalpy is accompanied by the energy conversion from the enthalpy (mechanical energy) to the mechanical energy (enthalpy). This energy conversion is consistent with the divergence (convergence) of the mechanical energy. However, this mechanical energy disperses horizontally from the dipole region to the surrounding area of the Indian Ocean such as Africa, the Atlantic Ocean, and the Asian and Australian monsoon areas.
The IOD SSTA persistently forces the atmosphere to change. The atmosphere responds in two ways; one is the steady response from June 1 to September 30. This part is obtained by averaging the simulated quantities over the 122 days. The other part is the transient response, and it is the departure from the steady circulation. For instance, while the kinetic energy of the mean circulation is defined as K ¼ 1 2 ðu 2 þ v 2 Þ, the kinetic energy of the transient part can be expressed as
We have computed all the mean and transient parts of the terms in the budget equations (A1)-(A3) for the boxes A, and B. The differences of each term in the pDM (nDM) from that in the control experiments have been listed in Table 1, Table 2 and Table 3 .
The anomalous latent heat convergence over the western pole during the positive dipole episode, obtained as the excess of the latent heat convergence simulated in the pDM experiment over that simulated in the Cntrl experiment, is À32.3 WÁm À2 (Table 1) . This means that about 32.3 WÁm À2 of the latent heat is anomalously released to heat the atmosphere during a positive IOD event in JJAS. The 122 day mean circulation makes a large positive contribution Lq dp
LqV dp Ð ps pT C p T dp À' Á 1 g Ð ps pT C p T V dp
Ð ps pT C p T 0 V 0 dp Ð ps pT RT gp o dp to the latent heat convergence (À34.4 WÁm À2 ), while the transient part tends to reduce this convergence by 2.1 WÁm À2 , which is one order smaller than the contribution from the mean circulation. The opposite tendencies are simulated over the eastern pole of the IOD during the positive dipole event. It is also seen from Table 1 that the reversed situations are simulated for the negative dipole event (nDM-Cntrl).
To a large extent, the mean circulation prevalent during the IOD season modulates the behavior of the convergence/divergence of the latent heat, and the budgets of both the mechanical energy, and the enthalpy. Over the western part of the Indian Ocean, the enthalpy convergence, and the diabatic heating amount to 102.2 WÁm À2 and 91.9 WÁm À2 respectively for the positive IOD event (pDM-Cntrl; Table  2 ). About 31.1 WÁm À2 of the diabatic heating comes from the latent heat release (Table 1) . Both of these quantities contribute to the mechanical energy propagation and the maintenance of the anomalous airflow. The conversion into the kinetic energy amounts to 193.2 WÁm À2 (Table 3 ). The divergence of the mechanical energy prevails over the box A during this period (Table 3 ). The anomalous mechanical energy divergence is dispersed from the IOD region to the other affected places as shown in Fig. 14b . Over the eastern pole of the IOD, the opposite anomalies appear. For the negative dipole case, the simulated anomalous tendencies are opposite to those results from the positive IOD case.
Therefore, terms that are more important than the others in the budget of energy change are the anomalous horizontal divergence/ convergence of the latent heat flux, the heat content flux, the mechanical energy flux, and the diabatic heating and the energy conversion. All these are contributed from time-mean circulations. It is reported that the latent heat exported by transient eddies (TE) obtained from the total fields is about 30% of total latent heat exports out of the western Pacific region (Tian et al. 2001) . Our results as seen from Table 1 are obtained from the anomalous fields, showing that the contribution from TE is about one order smaller than that from mean circulations. This suggests that role of TE in latent heat budget anomalies induced by the IOD is negligible. The anomalies of the other energy transported by TE are almost zero as seen from Table 2 and Table 3 . This is consistent with the results obtained from reanalysis data, such as by Tian et al. (2001) . So, in our simulation studies, the transient perturbations do not contribute much to the JJAS mean energy anomalies; their contributions to the energy budgets are negligible.
All the above analyses of the energetic budget are in terms of Eqs. (A1)-(A9), which are integrated from the earth surface to p T (¼100 hPa). It will be also interesting to exam- 
pT RT gp o dp À Ð ps pT RT 0 gp o 0 dp ine the vertical profiles of the anomalous energy conversion, horizontal divergence of enthalpy flux, mechanical energy flux, and kinetic energy flux to understand how these IOD induced anomalous energy flux balances among them in the lower and upper layers of the troposphere. In order to avoid the confusion, the following discussion will only focus on the warmer pole energy budget. The scenario for the colder pole is just opposite to that for the warmer one. It is seen from both Fig. 14a and Table 2 that there is net anomalous convergence of vertically integrated enthalpy in the whole troposphere over the warmer pole of the IOD. However, the results from Fig. 15 will be more interesting. Figure 15 shows the vertical profiles of the anomalous energy conversion, horizontal divergence of enthalpy flux, mechanical energy flux, and kinetic energy flux. The anomalous ' Á C p T V over the warmer pole is dominantly negative in the lower troposphere while it is positive in the upper troposphere (Fig.  15a) . Most parts of the ' Á C p T V is cancelled when it is integrated in the whole troposphere. Suppose p r represents a reference isobaric level between 400 hPa and 500 hPa. If the anomalous ' Á C p T V is vertically integrated only in the upper troposphere (from p r to 100 hPa), a net anomalous divergence of enthalpy flux will prevail over the warmer pole (Fig. 15a) . Obviously, the net convergence of the vertically integrated enthalpy in the whole troposphere, shown in Fig. 14a and Table 2 , results from the dominant contribution from the anomalous enthalpy convergence in the lower troposphere (Fig. 15a) .
Part of the anomalous convergence of enthalpy below the reference level p r is compensated by the divergence in the upper troposphere via the upward transport of the enthalpy. This is in agreement with the discussions, e.g., by Tian et al. (2001) . The conversion rate as displayed in Fig. 15c is negative in almost the whole troposphere over the warmer pole, suggesting that the enthalpy convert into mechanical energy everywhere in vertical. This anomalous energy conversion rate ðao a 0Þ is relatively smaller in magnitude as compared to the divergence or convergence of enthalpy flux (Figs. 15a and 15c) . It can balance a small part of the anomalous enthalpy flux convergence in the lower troposphere ðÀ' Á C p T V b 0Þ. Because of the net surplus heating from the ocean surface as shown in Fig. 13 , the anomalous diabatic heating and the convergence of the enthalpy in the lower troposphere work out as the energy source to force the upper tropospheric circulations to change.
The large anomalous divergence of mechanical energy is seen in the upper troposphere over the warmer pole (Fig. 15b) whereas it is negligible in the lower troposphere. This suggests that, in the lower troposphere, the anomalous energy converted from enthalpy be dissipated by friction in the planetary boundary layer. There is almost no change in the JJAS mean mechanic energy divergence ' Á ðK þ FÞV below reference pressure level p r . An anomalous upward transported enthalpy flux ðoTÞj p r through the reference pressure level p r , can be induced by both the convergence of enthalpy flux and the diabatic heating anomalies in the lower troposphere. This anomalous upward energy flux ðoTÞj p r , along with the anomalous diabatic heating due to both anomalous latent heat release and the anomalous cloud radiative forcing in the upper troposphere, causes the net anomalous divergence of enthalpy ðÀ' Á C p T V < 0Þ (Fig. 15a) . Due to the net anomalous divergence of enthalpy flux ðÀ' Á C p T V < 0Þ and the negligible dissipation in the upper troposphere, the negative energy conversion rate anomalies in the upper troposphere lead to that the mechanical energy flux diverges anomalously from the warmer pole area outward to other regions ( Fig. 15b and Fig. 14b ).
Another interesting feature in Fig. 15 is that the level at which the absolute values of both the anomalous energy flux convergence, and the energy conversion rate, reach their maximum over the warmer pole is higher by 50 hPa than that over the colder pole. This might be related to tropospheric atmosphere dynamics influenced by the tropopause and the planetary boundary; it needs further investigations.
So, the atmospheric response to the IOD SSTA is in the following way from the perspective of energetic budget. The atmosphere column is anomalously heated (cooled) by net surplus heating (cooling) over the warmer (colder) pole from the sensible heat flux, the latent heat flux at the bottom of the model atmosphere, and the net longwave radiation. The processes of turbulence, cumulus convection, and cloud-radiation interactions play important roles in producing anomalous heating sources and sinks during the IOD events. The net surplus heating (cooling) over the warmer (colder) pole of the IOD in the lower troposphere leads to a strong convergence (divergence) of the enthalpy flux in the lower troposphere, which causes the anomalous upward (downward) enthalpy transport through the pressure level p r . This anomalous upward (downward) enthalpy transport through level p r , along with the diabatic forcings, induces a strong divergence (convergence) of enthalpy flux in the upper troposphere. The anomalous strong divergence (convergence) of the mechanic energy conversion in the upper troposphere is caused by the energy conversion from the enthalpy to the mechanical energy over the warmer (colder) pole of the IOD.
Summary and discussion
The FrAM1.0 has been employed in this study to understand the atmospheric response to the Indian Ocean Dipole. As the AGCM is newly developed, the climatology simulated by this model has been also validated in this study. To do this, a 40-year integration was carried out by the model, using the GISST as the lower boundary SST forcing. The simulated mean climatology is realistic, and it is seen that the AGCM is able to simulate the interannual variability, as observed. Simulated dipole statistics compare reasonably with those from the NCEP/ NCAR reanalysis.
We also conducted several sensitivity experiments using the FrAM1.0 to understand the response of the atmosphere to the imposed IOD SSTA. The response of the tropical atmosphere to the IOD SSTA forcing is of a distinct dipole structure in the distributions of many atmospheric variables. The anomalous circulation shows a baroclinic structure in tropics, which is consistent with the results obtained by Webster (1981) . The observed stronger anomalous divergence (convergence) of wind fields is well simulated over the anomalously cold (warm) pole in lower troposphere. This pattern is reversed in the upper troposphere. The anomalous convergence (divergence) center of water vapor is over the anomalously warmer (colder) region. An anomalous Walker cell is hence produced, influencing the circulation change even over the dipole region. More rainfall is received in the warmer pole and its surrounding area during the dipole episode. At the same time, an anomalous circulation in meridional-vertical plane from the eastern pole of the dipole towards India and the Bay of Bengal is simulated. This anomalous meridional circulation affects the Indian summer monsoon rainfall, as observed.
During an IOD event, the anomalous SSTA forcing induces anomalous fluxes of the sensible heat and latent heat, with a dipole structure at the surface. The anomalous cloudradiative forcing, especially the positive feedback due to the interaction between clouds and the net longwave radiation absorbed by the tropospheric atmosphere (Tian and Ramanathan 2002) , plays an important role in the response of the atmosphere to the IOD SSTA. These diabatic forcings thus cause a net surplus heating over the anomalously warmer pole of the IOD, and loss of heating over the anomalously colder pole. Our energy budget studies indicate that there is net surplus of the vertically integrated anomalous convergence of moisture, and that of the enthalpy over the warm pole region of the atmosphere. This facilitates the availability of excess latent heat, and enthalpy for conversion into mechanical / kinetic energy, and thus causes the anomalous divergence of the mechanical energy. This anomalous divergence of the mechanical energy leads to the propagation of the disturbances to the surrounding regions around the IOD, and maintains the anomalies of the circulation and energy distribution.
The strong anomalous convergence or divergence of sensible heat is simulated, whereas the anomalous convergence or divergence of both the potential and kinetic energy is negligible in the lower troposphere. The anomalous heating, along with the anomalous convergence of sensible heat, in the lower troposphere over the warmer pole is balanced partly by the anomalous divergence of both the enthalpy and mechanical energy in the upper troposphere.
From our budget studies of the model simulations, we find that during the boreal summertime, the contribution from the transient disturbances to the maintenance of the anomalous response of the atmosphere to the IOD is much less as compared to that from the JJAS mean circulation of the dipole year. This agrees well with the results in many studies, such as Tian et al. (2001) , etc.
Analyses of the NCEP/ NCAR reanalysis data, and the model results indicate that the IOD, apart from influencing the climate in its surrounding regions and India, may also affect the East Asian monsoon and the Australian winter rainfall. This needs further investigation.
It is also proposed to study in detail not only the influence of the dipole on the climate variability over different regions using data analysis, and a coupled GCM. The atmospheric response to simultaneous presence of the strong El Niñ o/ La Niñ a and the positive/negative IOD events will be interesting to examine, in this context.
